The resolution of angle-resolved photoelectron spectroscopy (ARPES) in three-dimensional (3D) momentum k is fundamentally limited by ill defined surface-perpendicular wave vector k ? associated with the finite photoelectron mean free path. Pushing ARPES into the soft-x-ray energy region sharpens the k ? definition, allowing accurate electronic structure investigations in 3D materials. We apply softx-ray ARPES to explore the 3D electron realm in a paradigm transition metal dichalcogenide VSe 2 . Essential to break through the dramatic loss of the valence band photoexcitation cross section at soft-x-ray energies is the advanced photon flux performance of our synchrotron instrumentation. By virtue of the sharp 3D momentum definition, the soft-x-ray ARPES experimental band structure and Fermi surface of VSe 2 show a textbook clarity. We identify pronounced 3D warping of the Fermi surface and show that its concomitant nesting acts as the precursor for the exotic 3D charge-density waves in VSe 2 . Our results demonstrate the immense potential of soft-x-ray ARPES to explore details of 3D electronic structure.
Introduction.-Electronic structure of crystalline materials is their fundamental characteristic, which is the basis of almost all their physical and chemical properties. Angleresolved photoemission spectroscopy (ARPES) is the main experimental tool to study all electronic structure aspects with resolution in electron momentum [1] . This ability is based on the fact that the photon promoted electron excitation in the crystal bulk, from an initial state in the valence band to final state in the unoccupied states continuum, conserves the three-dimensional (3D) momentum k. However, resolving its surface-perpendicular k ? component required for 3D materials faces two fundamental difficulties: (1) Whereas the surface-parallel component k k is conserved at the photoelectron escape stage and can be directly measured in the experiment, k ? is distorted by the momentum absorbed by the surface barrier. It can only be recovered if one knows the Eðk ? Þ dispersion of the final state back at the photoexcitation stage where the full 3D momentum was conserved. The free-electron (FE) approximation commonly used at this point has only a limited applicability, because for many materials the final states can feature complicated non-FE and excited-state selfenergy effects [2, 3] ; (2) the final state confinement within the photoelectron escape depth results, by the Heisenberg uncertainty principle, in intrinsic broadening of k ? defined by Ák ? ¼ À1 . The valence band Eðk ? Þ appearing in the measured spectrum is then an average over the Ák ? interval, which intrinsically limits resolution of the ARPES experiment in k ? [4] .
Pushing ARPES from the conventional vacuum ultraviolet (VUV) to soft-x-ray photon energy range around 1 keV [5] [6] [7] addresses both problems: (1) The photoelectron energies become much larger than the crystal potential modulations, which makes the final states truly FE-like; (2) the increase of with energy following the ''universal curve'' [8] results in sharpening of the Ák ? intrinsic accuracy. Further advantages of soft-x-ray ARPES (SX-ARPES) include larger bulk sensitivity and simplified matrix elements. However, SX-ARPES notoriously suffers from a loss of photoexcitation cross section of valence states by a few orders of magnitude compared to the VUV energy range. Here, we have broken through this problem by using the high-resolution soft-x-ray beamline ADRESS (Advanced Resonant Spectroscopies) [9] at Swiss Light Source (SLS) delivering particularly high photon flux.
Here, we apply SX-ARPES to explore 3D electronic structure of a typical layered transition metal dichalcogenide (TMDC) material VSe 2 . A wide van der Waals gaps between the chalcogen-metal-chalcogen trilayers result in its quasi-2D properties [10, 11] . The states derived from the out-of-plane orbitals like Se 4p z retain nevertheless a 3D character with their k ? dispersion range of a few eV. In VUV-ARPES, their response is distorted by non-FE final states and Ák ? broadening comparable with the Brillouin zone (BZ) height k BZ ? [2, 3] . Typical of the TMDCs are charge-density waves (CDWs) appearing due to an interplay of the electron and phonon subsystems in the crystal [12] [13] [14] . They may form, in particular, when large areas of the Fermi surface (FS) exhibit nesting with a q-vector vector leading to a soft phonon mode at this q freezing into the CDW. VSe 2 shows a CDW transition at T C $ 110 K accompanied by characteristic anomalies in transport and magnetic properties. Intriguingly, in contrast to most of the TMDCs [10, 13, 15] , the CDWs in VSe 2 are 3D in the sense of their wave vector q CDW having a large out-of-plane component [10, 16] . The question is, are there precursors of such exotic 3D CDWs in nesting properties of the FS?
Methods.-Single crystals of VSe 2 were grown by the chemical vapor transport method. The in-plane and out-ofplane lattice constants are 3.346 and 6.096 Å , respectively. For the ARPES measurements the samples were in situ cleaved. The experiments were performed at the ADRESS beamline [9] of SLS. This beamline delivers soft-x-ray radiation with variable linear and circular polarizations in the energy range from 300 to 1600 eV. Its key feature is high photon flux up to 10 13 ðphotons=sÞ0:01%BW at 1 keV. The ARPES end station uses a vertical scattering plane geometry (see the supplemental material [17] ). The manipulator CARVING provides us with 3 angular degrees of freedom. The sample environment allows cooling down to 10.7 K. The photoelectron analyzer PHOIBOS-150 usually operated with an acceptance of AE6 sufficient to cover more than one BZ. In the present experiment, the analyzer slit was perpendicular to the scattering plane. We used p polarization of incident light which delivered stronger intensity compared to s polarization.
The band structure computations were performed within the standard density functional theory (DFT) formalism with the generalized gradient approximation for the electron exchange correlation. We employed the full-potential (linearized) augmented plane waves þ local orbitals method implemented in the WIEN2K package [18] .
Band structure.-We start with a general picture of the 3D electronic structure of VSe 2 . In the ARPES experiment, one navigates in the 3D k space by varying k k through the emission angle #, and varying k ? through photon energy h (with corrections for the photon momentum p ph ¼ h=c) [19, 20] . From extremal behavior of the ARPES spectra with h, we found k ? to pass the À point at 885 eV; see the BZ sketch in Fig. 1(a) . The corresponding ARPES intensity image IðE; k k Þ along the M 0 ÀM line is shown in Fig. 1 (b). The energy resolution ÁE was here $120 meV and acquisition time only 7 min. The IðE; k ? Þ map along the surface-perpendicular ÀA direction in Fig. 1 (c) was generated from images measured under h variation, with h rendered into k ? assuming FE final states with an empirical inner potential of 7.5 eV. The experimental dispersions agree with the previous VUV-ARPES study [2] where control over k ? was achieved by determination of the final states by very-low-energy electron diffraction. Figures 1(d) and 1(e) zoom in the Fermi level E F region along the M 0 ÀM and KÀK lines, respectively. ÁE was sharpened here to $70 meV and acquisition time increased to 40 min.
Statistics of our data is remarkable because at energies around 900 eV the V 3d and Se 4p cross sections drop by a factor of $1800 and 34, respectively, compared to a typical VUV-ARPES photon energy of 50 eV [21] . Profound contrast and dispersion of the spectral structures makes redundant any image enhancement like subtraction of angle-integrated background [22] or second-derivative representation [23] . This is remarkable because in the softx-ray range the photoelectron wavelength is comparable with amplitudes of the thermal motion of atoms, which acts to destroy the coherent spectral structures through their Debye-Waller amplitude reduction, broadening and piling PRL [20, 24] . Working at temperatures around 11 K, we minimized these destructive effects even for VSe 2 having rather low Debye temperature of 220 K [25] . Furthermore, excellent agreement of our DFT calculations (blue lines in Fig. 1 ) with the experiment demonstrates a weakly correlated nature of VSe 2 . The calculations are seen however to underestimate the hybridization between the Se 4p z Ã and 4p xy Ã bands near the À point.
Fermi surface.-Accurate control over k ? in our experiment has allowed us to slice the FS in different planes. Figure 2(b) shows the ÀALM slice acquired under h variation. Because of high kinetic energies, the iso-h trajectories (dashed lines) show only small k ? variations with k k . Figures 2(c) and 2(e) display the ÀKM (k ? ¼ 0) and AHL (k ? ¼ ÀA) slices, respectively, and Fig. 2(d) a slice between them at k ? $ k BZ ? =2 acquired under a variation of #. The ÀKM and ALH maps follow the sixfold symmetry characteristic of these symmetry planes, and the map between them displays asymmetric dogbone electron pockets following the threefold symmetry of the BZ interior. The definition of our experimental FS is much superior to previous VUV-ARPES results [23] , which showed elliptical FS pockets from the AHL plane mixed with streaks near k k ¼ 0 from the ÀKM plane.
Topology of the FS expected from our DFT calculations is shown in Fig. 2(a) , and its contours in the above BZ planes superimposed on the experimental data (blue lines). Again, the calculations show remarkable agreement with the experiment. For the ÀALM plane, the experimental FS exhibits somewhat larger area than the calculation suggesting a stronger out-of-plane conductivity. For the AHL slice, even fine details are reproduced such as a tiny rectangular distortion of the FS pockets around the L points. For the ÀKM slice, the straight sections of the FS are well reproduced. The intense spot at the À point comes from the intensity rise in the 4p xy Ã band just below E F , see Fig. 1(b) , and streaks going from À in the K direction follow the V 3d band staying there flat near E F ; see Fig. 1(e) . We note no signs of the CDW superstructure in our data, indicating that the CDW induced perturbation of the crystal potential is weak enough to leave the spectral weight follow the fundamental periodicity of the VSe 2 lattice [26] .
Origin of charge-density waves.-With confidence of our accurate navigation in 3D k space, we turned to investigation of the electronic structure precursors of the 3D CDWs in VSe 2 . Theoretically, interaction of the electron and phonon systems in the crystal forms a CDW with wave vector q under the instability condition [14] 4 "
where " q is the electron-phonon interaction corresponding to a phonon mode of energy ! q , q is the (real part of) electronic susceptibility at the static ! ! 0 limit, and " U q and " V q are matrix elements of their Coulomb and exchange interactions, respectively. This inequality to set up CDWs is driven either by increase of the left-hand ''phononic'' side due to strong electron-phonon interaction and availability of soft phonon modes [13, 27] , or by decrease on the right-hand ''electronic'' side due to singularity of q due to response of the conduction electrons coupled by the corresponding soft phonon mode. The latter scenario usually takes place when large parallel areas of the FS nest at certain q resulting in a peak of q [10, 13, 15] . In contrast to the one-dimensional (1D) case automatically leading to the paradigm Peierls transition, realization of this scenario in 3D is most restrictive because the nesting areas should match their curvatures in all three dimensions. We will illustrate how this is nevertheless realized in VSe 2 . 
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c Ã , where a Ã and c Ã are the in-plane and out-of-plane reciprocal lattice unit vectors, respectively. The actual q CDW k and q CDW ?
in VSe 2 determined by x-ray diffraction are around the 1=4-and 1=3-commensurate values 0:54 # A À1 and 0:34 # A À1 , respectively, with some scatter in the literature regarding their exact values, commensurability and transition temperatures [16, 28] . VUV-ARPES studies of VSe 2 have related the q CDW k component to nesting of the FS along the a Ã axis [23, 29] and even identified a weak spectral weight reduction in the corresponding k k regions [23] . According to theoretical analysis [10] , the q CDW ?
one would originate from nesting along the c Ã axis owing to warping of the FS in the k ? direction. However, VUV-ARPES failed to yield any unambiguous evidence of this [30] because of ill defined low-energy final states.
To resolve the origin of q CDW ?
, we have measured the out-of-plane FS cut in the MLL 0 M 0 plane; Fig. 3(a) . This plane goes through the region of (flattened by the rectangular distortion) FS areas which nest with q CDW k ; see Fig. 2(c) . One of the IðE; k k Þ images, measured near the MM 0 line at k ? ¼ 0, is shown in Fig. 3(b) . The experimental FS cut obtained under hv variations is shown in Fig. 3(c) . The cut shows 3D warping with concave and convex regions, which clearly nest through the 3D q vector (arrows) closely matching that of the 3D CDWs.
We have confirmed the observed nesting by calculations of autocorrelation RðqÞ ¼ R I F ðkÞI F ðk þ qÞd 2 k of the (regularized) experimental FS map I F ðkÞ throughout the BZ cut [15] . The RðqÞ map in Fig. 3(d) shows a gross arclike peak identifying the nesting vector. As RðqÞ is less sensitive to sliding of the bands in the k ? direction, the peak is elongated in q ? . In principle, the RðqÞ structures are only connected with Im q and might be distorted when carrying them over to Re q to define q of the CDW instability [13] . Despite these potential complications, the experimental RðqÞ closely matches the actual 3D CDWs: The RðqÞ peak is centered at q k $ 0:52 # A À1 and in the q ? direction extends from $0:3 to 0:5 # A À1 . An energy gain under commensuration of the CDW [12] slightly shifts the system along the RðqÞ arc to the nearest commensurate q which are the actual q We note that formation of 3D CDWs is a rare phenomenon observed, to the best of our knowledge, only for two other TMDCs, TaS 2 and TiSe 2 [10, 31] . Our SX-ARPES results remain so far unique to detail the FS of VSe 2 , because alternative experimental methods based on quantum oscillations (like the de Haas-van Alphen effect) require large crystals of high purity hardly available for TMDCs. Our picture of the 3D CDWs electronic structure origin calls for a complementary study on the phononic side to identify the corresponding soft phonon mode. While Raman scattering on VSe 2 delivers information [28] on phonons only in the À point, inelastic x-ray scattering [27] is capable of probing any region of q space.
Summary.-SX-ARPES benefits from sharp definition of k ? allowing precise navigation in 3D k space. Essential for the SX-ARPES experiment is advanced photon flux performance of the synchrotron instrumentation. We have applied SX-ARPES to VSe 2 as a paradigm TMDC. The SX-ARPES images of its basic electronic structure characteristics, 3D band structure and FS, demonstrate unprecedented clarity by virtue of free-electron final states, their 
